Introduction
Serial Analysis of Gene Expression (SAGE; Velculescu et al., 1995) is a technique to quantitatively analyse * To whom correspondence should be addressed.
genome-wide gene expression profiles (Madden et al., 1997; Zhang et al., 1997; Michiels et al., 1999; Velculescu et al., 1999) . SAGE is based on the principle that a short sequence tag (9-10 bp) derived from a specified position, e.g. the most 3 NlaIII site, in a mRNA sequence is in principle sufficient to uniquely identify a transcript. A SAGE experiment results in the generation of a large set of long serial DNA molecules (concatemers) consisting of ditags, which are punctuated by the four base CATG sequence. The frequency, with which a particular tag is observed in these concatemers, provides the relative expression level of the corresponding transcript. The sequenced concatemers are the starting point for data analysis. The first step of the analysis is the extraction of ditags from the concatemer sequences. From these ditags a list of tags is compiled, which we will call the SAGE tag list. The next step in the analysis is the determination of the transcripts from which the tags were derived in order to identify the genes that were expressed. Finally, transcript frequencies in two or more SAGE tag lists can be (statistically) compared to distinguish differences in gene expression in the respective tissues or cells. Table 1 summarises the public resources that are available for the analysis of SAGE data. The SAGE300 program is probably the most commonly used application for SAGE analysis. In order to identify SAGE tags this program compiles a database of tags extracted from human (EST) sequences in Genbank. A drawback of this method is that the orientation of the sequence is not checked before tag extraction, consequently, incorrect tags can result. As part of the Cancer Genome Anatomy Project (CGAP; Strausberg et al., 1997) , in which SAGE is used to identify genes that undergo alteration in expression during malignant transformation, NCBI established the SAGEmap public database . In SAGEmap, a tag-to-gene mapping is built on a regular basis and is an improvement over the approach taken in the SAGE300 program, because more efforts are taken to define the orientation of the sequence prior to tag extraction. In addition to this standard tag-to-gene mapping, a 'reliable tag-to-gene mapping' is also constructed which accounts for sequencing errors in Genbank sequences. These two tag-to-gene mappings can be downloaded and used in combination with applications such as Microsoft Access. Alternatively, the tag-to-gene mappings are accessible online from the SAGEmap site but this allows only the analysis of one tag at a time. No full identification reports, i.e. for all tags in a SAGE tag list, can be generated as is possible with SAGE300, which unfortunately does not support the use of these tag-to-gene mappings. The SAGEmap site, however, offers several additional utilities such as the 'Virtual Northern' to extract SAGE tags and orientation signals from a sequence, the 'xProfiler' for pooling and comparison of SAGE tag lists present in SAGEmap and a gene-to-tag mapping database. A third SAGE resource comprises the online query tool of the Saccharomyces Genome Database (SGD), which allows users to search and present SAGE data obtained for yeast in several manners.
The (statistical) comparison of genome-wide expression data is still a subject of debate (Claverie, 1999; Vingron and Hoheisel, 1999) , and this explains why several statistical approaches were developed for the comparison of SAGE tag lists (Madden et al., 1997; Audic and Claverie, 1997; Zhang et al., 1997; Chen et al., 1998; Kal et al., 1999; Michiels et al., 1999) . We recently compared several methods, which showed that the available tests essentially gave similar results (publication in preparation). Most of these statistical tests are publicly available in the form of a software application, or are part of a SAGE analysis software package (see Table 1 ).
Although the abovementioned tools and databases for the analysis of SAGE data are freely available, none of these resources individually offers the functionalities required by a user to perform a complete and comprehensive SAGE analysis. Therefore, in practice it is necessary to combine tools and databases from different resources. In this paper we introduce the USAGE application, which offers a full set of methods for the extraction of tags from concatemers, the identification of tags, the (statistical) comparison of SAGE tag lists, and presentation of results. All these methods are integrated in one web-enabled and multi-user environment. USAGE borrows ideas from SAGE300, uses the tag-to-gene mappings from NCBI and public SAGE tag lists from CGAP, and implements the statistical method described in Kal et al. (1999) . In addition, as described below, several other functionalities are offered by USAGE that are not found in the other programs. The USAGE application is completely transparent and self-contained and its automated data conversion facilities permit the biologist to focus on data analysis and interpretation of data.
System and methods
The USAGE program is a web-application that runs on a Unix server and is accessed after providing a username and password. This ensures that a user can only access and use his/her own data and data denoted as public within the USAGE environment. Before starting data analysis, USAGE uploads the concatemers, which are to be analysed, to the Unix server. All concatemers that correspond to the same SAGE library must be stored in separate text files, which subsequently should be added to a single archive file (zip, gzip or tar). The most important functionalities of USAGE are shown in Figure 1 and discussed below.
The USAGE database
The USAGE database is a relational database that comprises several tables which contain the tags and tag counts, duplicate ditags, tag-to-gene mappings, tag identifications, results from statistical comparisons (probability values), results from previous queries, and results from the pool, match and merge options (see below). As part of the US-AGE database, a table catalog is maintained that contains meta information about the available tables (e.g. SAGE tag lists or tag identifications) and their attributes (e.g. tag, tag 
Extraction of ditags and tags from the concatemers
Prior to ditag and tag extraction from the concatemer sequences the anchoring enzyme (e.g. NlaIII), the tag length (e.g. 10) and the minimum and maximum ditag lengths (e.g. 20 and 24, respectively) are set by the user. Ditags that are too short or too long are discarded from further analysis, as these are considered experimental artefacts. Duplicate ditags are removed for the same reason, since the event of a duplicate ditag occurrence by chance is generally very low. Subsequently, a SAGE tag list (tag and tag counts) is compiled from the remaining ditags. The (duplicate) ditags, tags and tag counts are stored in the USAGE database and are complemented with information about the concatemer(s) from which they were extracted, which allows backtracking of the tag extraction process.
The tag databases and tag identification USAGE includes NCBI's 'tag-to-gene mapping' and 'reliable tag-to-gene mapping' for tag identification. In addition, it includes the yeast tag database that is part of the Saccharomyces Genome Database. Alternatively, the user may generate a tag database from the EMBL nucleotide database. Since the EMBL database is subdivided into several sections (e.g. human, rodent, EST, etc.), the section from which the tag database is to be compiled is selected first. Subsequently, from each EMBL database sequence in the selected section, the tag located 3 -adjacent to the most 3 NlaIII site, is extracted. This tag is complemented with the sequence accession code, description, and six base trailer following the tag. The six base trailer helps to discriminate identical tags that were extracted from different sequences. USAGE also offers the possibility to compile a tag database for one or more organisms (e.g. H. sapiens and S. cerevisiae) in which case all EMBL sequences, with exception of the sequences in the EST, STS, GSS and HTS sections, are considered for tag extraction. In contrast to the procedure followed to generate the NCBI tag-to-gene mapping, no efforts are made to check sequence orientation. However, an option is available that allows tag extraction from a sequence in both the normal (i.e. as included in the database) and complement-reverse orientation. Once a tag database is compiled it is available to every user of USAGE. Consequently, when tags need to be identified, the user may decide to compile a new tag database or use one of the existing databases. SAGE tags are identified by matching them against the tags in the tag database. The result of this identification process is automatically stored in the USAGE database. The method that is implemented for extracting tags from the EMBL database sequences is basically identical to the method implemented in the SAGE300 program with the exception that USAGE allows the extraction of tags from the complement-reverse orientation of the database sequence.
Public SAGE tag lists
The comparison of SAGE tag lists may provide important information about transcripts that are specific for a cell, tissue or (pathological) condition. Therefore, USAGE supports the use of the CGAP public SAGE tag lists that were obtained from various tissues. Furthermore, other tag lists can also be denoted as public on request of the user. These tag lists then become automatically available to every user for comparison with other lists.
Normalisation of SAGE tag lists
Normalisation of tag counts facilitates the comparison of differently sized SAGE tag lists via visual inspection. Normalisation comprises the equalisation of the total number of tags in each list by adjusting the tag counts in the individual lists. Each SAGE tag list can be normalised to one of four predefined list sizes (10 000, 50 000, 100 000 and 1 000.000). During normalisation all tag counts are adjusted by multiplying each tag count with L/N , where L is the predefined size and N is the size of the SAGE tag list that is normalised. The final normalised tag counts are rounded to the nearest integer. It is important to note that normalisation should never precede the statistical comparison of SAGE tag lists because adjustment of list sizes artificially affects the detectable difference. Comparison of tag counts after normalisation only gives a first impression of differences between SAGE tag lists and does not predict anything about statistical significance.
Statistical comparison of SAGE tag lists
USAGE implements the statistical test described by Kal et al. (1999) , which is based on the assumption that the tag counts are binomially distributed, and can be used to compare SAGE tag lists of unequal size. To start the comparison, two or more SAGE tag lists are selected from which all pairwise combinations of lists are generated. Subsequently, all tags in each pair of lists are statistically compared and the resulting probability values are stored in the USAGE database. A 'probability value' of −2 results if a particular tag is not present in either of the paired lists but is included in at least one of the selected SAGE tag lists. In this way, during presentation of the results, one can easily determine the pairwise combinations in which a particular tag was not included. The statistical results can now be queried from the query editor (see below) to identify the most interesting tags for further investigation.
Planning of future SAGE experiments
The significance test described in Kal et al. (1999) is easily inverted and used for the planning of new SAGE experiments. USAGE allows the calculation of several quantities:
(1) Given the sizes of two SAGE tag lists USAGE calculates the detectable difference between tag counts for a chosen significance level and power of the test. (2) Given an observed difference in tag counts and the total number of tags sequenced in both SAGE tag lists and the chosen significance level, USAGE calculates the power of the test can be determined. (3) Given an expected difference in tag counts and a chosen significance level, a required power, USAGE The query editor provides a flexible way to select and search SAGE data. The form is automatically generated and is based on the information contained in the selected table. calculates the minimum number of tags needed in each list such that for this difference the statistical significance can be reached.
(4) Given an expected difference in tag counts and a significance level and a power and the number of tags already sequenced in an existing SAGE tag list, USAGE calculates the number of tags needed in a new list such that for this difference the statistical significance can be reached. The query editor The query editor allows the user to search and present his data and results from analysis in a very flexible manner. From a technical point of view, the query editor is a webinterface that allows the user to compose SQL queries for the USAGE database. Once a table is chosen from the USAGE main menu and the query editor (Figure 2 ) is entered, a web form is automatically generated from information contained in the table catalog. Each pull-down box on this form contains the names of all attributes of the selected table, which allows the user to compose a presentation layout. Several functions are included and allow the calculation and presentation of sums, differences or (log) ratios of tag counts for two or more selected SAGE tag lists. To avoid each query resulting in a dump of all information to a table, the user first composes a summary presentation for the (unique) tags in a selected table, through the selection of a limited number of attributes. Subsequently, a set of attributes is selected that are presented for individual tags in a 'full view' layout ( Figure 3) . If the summary presentation is disabled then for all tags the selected attributes are presented immediately in the full view. To enable the selection of a subset of the data, a range of operators (greater than, equal to, matching, etc.) is available that can be applied to any attribute in the table. The results of a query can be sorted on any attribute in descending or ascending order, and also the maximum number of records to show in the full view can be limited. The results of a query are displayed in the browser and can be printed or exported as a tab-delimited file for further processing with other programs.
Storage of query results
An important feature of USAGE is that all results of a particular query can be stored in the USAGE database. In this way sub-selections (e.g. only tags that occur more than ten times) or results from normalisation can be saved for further processing. USAGE automatically creates a new 
Tag search
If one suspects that a particular tag is the result of a sequencing error, the tag search option of USAGE offers the possibility to retrieve similar tags in the list. Tags are considered similar if they have substituted bases at only a limited number of positions (typically one or two). The query tag and the maximum number of allowed substitutions are the input for this tag retrieval function. The tag search function does not take base insertions of deletions into account.
Pool SAGE tag lists
When multiple SAGE tag lists are available from the same tissue it is sometimes useful to pool these lists into one 'new' list in which the tag counts for identical tags are added. For example, one could pool SAGE tag lists that were obtained from brain tumor tissue in one group and pool SAGE tag lists that were obtained from normal brain tissue in a second group. The resulting two lists are automatically added to the USAGE database, and can be subjected to further analysis. These pooled lists 
Implementation
The USAGE program is a web application with a client/server architecture that runs on a Unix server and is accessed via a web browser (e.g. Netscape) from any computer that has access to the server via the internet or local intranet. USAGE was developed on a SUN platform (Solaris 2.5) and is predominantly written in Perl. USAGE consists of a core Perl program that implements most of its functionalities, but which also interfaces all other components. The statistical procedures of USAGE were implemented in the 'R' statistical package. All components that are required to setup USAGE are freely available (Table 3 ). The GNU sort application is required in order to sort large data files. The Perl CGI and DBI modules are used to interact with the web-browser and the Postgres DBMS respectively. The Apache web server is used to make USAGE accessible via a web browser.
Discussion
With USAGE we developed a large-scale web-application that enables a comprehensive analysis of SAGE data with regard to tag identification and (statistical) comparison of SAGE tag lists. The combination of the query editor and the match, merge and pool functionalities offers a powerfull and flexible approach towards data management and consequently, allows the biologist to present and analyse his or her data in the most appropriate way. Nevertheless, USAGE can be improved and extended in several ways. At this moment USAGE lacks adequate methods for dealing with sequencing errors, which can be present in SAGE tags or tags extracted from database sequences. Sequencing errors can seriously complicate the analysis of the data. In a next version of the application we will include functionalities such as described in Velculescu et al. (1999) for identifying sequencing errors in SAGE tags. Furthermore, in order to deal with sequencing errors in tags extracted from database sequences, we are developing an improved tag-to-gene mapping. Incorrect tags may also result from sequencing errors that destroy the most 3 CATG or introduce a false CATG. Furthermore, problems in the recognition of the 3 end of EST database sequences may yield tags from the wrong cDNA strand. Our improved tag-togene mapping will also account for these error sources. A paper describing this mapping is in preparation. Another extension of USAGE comprises the incorporation of a list of confirmed SAGE tags, which are tags for which the corresponding gene is known and verified. Such a list will further enhance the tag identification process. Finally, we are developing the program BATS (Bayesian Analysis of Tag Series), which does not presume a binomial distribution of SAGE tags, for the statistical comparison of SAGE tag lists. Furthermore, BATS includes a method for clustering SAGE data to identify tags with similar expression profiles. BATS will be integrated with USAGE in a next version. However, a first version of BATS is already available from the author as a Splus program.
